Artificial discontinuities in time series are a great problem for trend analysis because they influence the values of the trend and its significance. The aim of this paper is to investigate their occurrence in the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA 2) ozone concentration data. It is the first step toward the utilization of the MERRA 2 ozone data for trend analysis. We use the Pettitt homogeneity test to search for discontinuities in the ozone time series. We showed the data above 4 hPa are not suitable for trend analyses due to the unrealistic patterns in an average ozone concentration and due to the frequent occurrence of significant discontinuities. Below this layer in the stratosphere, their number is much smaller, and mostly, they are insignificant, and the patterns of the average ozone concentration are explainable. In the troposphere, the number of discontinuities increases, but they are insignificant. The transition from Solar Backscatter Ultraviolet Radiometer (SBUV) to Earth Observing System (EOS) Aura data in 2004 is visible only above 1 hPa, where the data are not suitable for trend analyses due to other reasons. We can conclude the MERRA 2 ozone concentration data can be used in trend analysis with caution only below 4 hPa.
Introduction
Ozone is a very important trace gas in the atmosphere because it protects the earth's biota from harmful ultraviolet radiation. The high scientific interest in atmospheric ozone arose near the beginning of the 1970s in connection with the problem of the possible supersonic transport impact on the ozone layer. After discovering the Antarctic ozone hole [1] , the ozone became an important topic of atmospheric research. The origin of the ozone hole is in the chemical reactions of anthropogenic halogen radicals, which destroy ozone [2] . These results led to signing the Montreal Protocol and its amendments, which stopped the production of the ozone-depleting substances (ODS). This protocol has a positive influence on the ozone layer due to the decrease in ODS [3] . There are some signs of the ozone recovery, especially in the upper stratosphere [4] . In addition, all model studies predict future recovery of the ozone layer [5] . The concentration of ODS is not the only factor that influences the ozone layer. In addition, the greenhouse cooling of the stratosphere [6] and changes in the Brewer-Dobson circulation [7] have an impact on the ozone concentration. In such situations, proper trend analysis is necessary for the understanding of the ozone layer behaviour. Trend analysis was done from ground-based data [8, 9] . These data are measured at one point, and the number of ground-based measurements of ozone is insufficient, especially in the Southern Hemisphere. Satellite ozone data have broader coverage, and these data are widely used in trend analysis in ozone research [10] . But in some areas, it is impossible to measure ozone (polar night, below dense clouds) by satellite.
Data and Method
In this paper, we used MERRA 2 ozone monthly mean data from 500 hPa up to the top of the model (0.01 hPa) in the period 1980-2017. MERRA 2 reanalysis covers the whole satellite era. It includes substantial upgrades and changes to the data assimilation system and input data in comparison to previous MERRA reanalysis. New constraints are applied to ensure the conservation of global dry-air mass and to close the balance between surface water fluxes (precipitation minus evaporation) and changes in total atmospheric water [13] . The modified gravity wave scheme substantially improves the model representation of the quasi biennial oscillation (QBO) [14, 15] . The assimilation of Microwave Limb Sounder (MLS) temperature retrievals at high-pressure levels (higher than 5 hPa) should improve the reanalysis at upper levels. The assimilation of MLS stratospheric ozone profiles and Ozone Monitoring Instrument (OMI) column ozone since the beginning of the Aura mission in late 2004 also improve the representation of fine-scale ozone features, especially in the region around the tropopause [16] . MERRA and MERRA 2 use the Three Dimensional Variational (3D VAR) assimilation process. MERRA 2 uses regular latitude-longitude grids from 1000 to 0.01 hPa (1/2 • latitude × 5/8 • longitude). Detail description of all reanalyses (included MERRA 2) can be found in ref [17, 18] .
We did our analysis for each grid point, we did not use any spatial (longitudinal and latitudinal) averages, because, during every averaging, some information is lost. In each grid and each layer, we used the time series of the ozone concentration and applied the Pettitt homogeneity test [19] to look for discontinuity in it. In each grid, the Pettitt test estimates only one main discontinuity, so this procedure is not able to detect multiple discontinuities. The Pettitt test is a nonparametric test. It has been developed to test homogeneity against the shift in a time series. In this approach, a shift point is at T; indicates that the time series can be divided into two subsequences x t (t = 1..T) and x t (t = T + 1,.. N). Thus, probability distribution functions F 1 (X) and F 2 (X) can be associated with the two subsequences. In practice, the null hypothesis H 0 is F 1 (X) is equal to F 2 (X), and the alternative hypothesis H 1 is F 1 (X) is not equal to F 2 (X). This method also involves a comparison of the observations so that:
We must compute the statistic: U T , N = t = 1..T t = T, N Di,j, t = 1..N Using the theory on statistic ranks, another K N variable is derived from U T, N This new variable is defined:
For the test, a probability of exceeding is fixed for a threshold value k given by the formula: P (K N>K ) 6exp(−6k 2 )/(N 3 + N 2 ). The null hypothesis, H 0 is rejected if the probability of exceedance given in P is less than the significance level α for a one-sided statistic test.
This test is widely used in the climatological research especially for precipitation and temperature analysis [20] [21] [22] . We searched for temporal occurrence of discontinuities, so in each grid with a discontinuity, we looked for the year of its occurrence, and we were able to detect the discontinuity occurrence in a certain year. We are interested in the spatial distribution of discontinuities as well. So in each layer and month, we constructed the map of their occurrence.
The Pettitt test tells us the year in which the discontinuity in time series occurs. But it does not say how big the discontinuity is or how it can affect trends. Small discontinuities have little impact on the trend analyses. On the other hand, the large one can have a strong trend impact, so we must divide the discontinuities according to their size. We tried to identify which ones were significant (in our case big enough to impact the trend) or insignificant according to this rule: Suppose we have a time series with the length L, and in year x, we observe the discontinuity. We compute the difference between the average before the year x and after this year. If this difference is larger than the variance of time series, we can say that the discontinuity is significant and will have some impact on trends, and we should be careful using this grid point in a trend analysis. This rule should be used mainly in areas with big variance because if the variance is very small, even the small discontinuities can be identified as significant. Another possibility for assessing the size of the discontinuities is the use of the Mann-Whitney test [23] for detecting significant ones. It would be very interesting to compare the results of both methods, and this topic could be solved in the future paper.
Results

Patterns of Ozone Concentration
In Figure 1 , one can see the map of ozone concentration at 0.1 hPa (upper panel) and at 0.5 hPa (lower panel). In the uppermost model layer, we see the strange pattern of the ozone concentration, which cannot be considered as real. At 0.5 hPa, this strange pattern was also present, but we also see the maximum in ozone concentration above the Aleutian Islands. At 1 hPa in January (Figure 2 upper panel), the strange unrealistic pattern ceased, but the maximum in the ozone concentration appeared over the Aleutian Islands. In July (Figure 2 lower panel), this maximum was situated in the subpolar latitudes of the Southern Hemisphere. At 2 hPa, this maximum was weaker and at 3 hPa disappeared. In the upper stratosphere ( Figure 3 upper panel), we observed the equatorial maximum and the polar minimum of ozone concentration. In this layer, the solar radiation is the main factor that drives the ozone concentration. In the lower stratosphere ( Figure 3 lower panel), the maximal concentration of ozone was seen in the high latitudes and the minimal one over the equator, which is given by the Brewer-Dobson circulation. The lower stratospheric maximum was persistent in the upper troposphere ( Figure 4 upper panel). At 500 hPa ( Figure 4 lower panel), this tropospheric maximum disappeared, and we observed maximal ozone concentration over the polluted areas of China and the United States of America. So, we found several ozone concentration patterns from 500 hPa up to the top of the model: tropospheric pattern, lower stratospheric, middle stratospheric pattern, maximum pattern, and strange pattern in the uppermost model layers. The pressure ranges in which these patterns occurred are given in Table 1 . The strange pattern occurred above 0.5 hPa. The pattern with a maximum above the subpolar latitudes was seen from 0.7 hPa down to 2 (3) hPa. From October to March, this maximum was situated in the Northern Hemisphere, while from April to October in the Southern Hemisphere. In October, both maxima were present, but the northern maximum was much stronger than the southern one. Below this pattern, the upper stratospheric one with the maximum over the equator and the minimum over high latitudes of both hemispheres could be seen. The lower limit of this pattern was about 20 hPa in each month, and the upper limit was monthly dependant (from 7 to 3 hPa). The upper limit for the lower stratospheric pattern was 30 (40) hPa in each month, while this pattern had its lower edge deep in the troposphere (Figure 4 upper panel) in the Northern Hemisphere and from December to June also in the Southern Hemisphere. From July to November, we saw a secondary ozone concentration maximum also in the subpolar latitudes of the Southern Hemisphere, which is given by the fact the ozone hole starts to form in polar latitudes and so this maximum appeared as a consequence of this formation. If the ozone-destroying reactions Atmosphere 2019, 10, 812 4 of 16 did not act, one could expect a higher concentration of ozone in the polar latitudes of the Southern Hemisphere, and so no subpolar maximum occurs. 
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Temporal Occurrence of Discontinuities
Now we deal with the temporal occurrence of discontinuities in the MERRA 2 ozone data. When we look at Table 2 , we see in the uppermost model layer in each month the unimodal temporal distribution with a maximum in 1993 (U 93 Figure 5 Figure 6 lower panel for January), but this distribution was broader than distribution U 93 in the upper model layers. When we observed the unimodal distribution of all discontinuities, the distribution of the significant ones must be similar. In the case of bimodal distribution, the situation was different. We 
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Temporal Occurrence of Discontinuities
Now we deal with the temporal occurrence of discontinuities in the MERRA 2 ozone data. When we look at Table 2 , we see in the uppermost model layer in each month the unimodal temporal distribution with a maximum in 1993 (U 93 Figure 5 -upper panel for January). Going down this unimodal distribution change, the bimodal one with the main maximum was observed in 1993, and the secondary maximum was observed in 2004(B 93,04 ). In lower layers, the bimodal distribution with the main maximum in 2004 and the secondary one in 1993 (B 93,04 ) could be seen. This transformation ended at 1 hPa ( Figure 5 lower panel for January), where we observed unimodal distribution again, but the maximum occurred in 2004 in each month. Below 2 hPa down to 200 hPa, we observed flat temporal distribution of discontinuities (F) with no sharp maximum ( Figure 6 upper panel for January) in each month. In January, the upper distribution border lay in 5 hPa. Below 200 hPa, we again observed unimodal temporal distribution with a maximum about the early 1990s (U 93T , Figure 6 -lower panel for January), but this distribution was broader than distribution U 93 in the upper Atmosphere 2019, 10, 812 6 of 16 model layers. When we observed the unimodal distribution of all discontinuities, the distribution of the significant ones must be similar. In the case of bimodal distribution, the situation was different. We could observe the bimodal distribution of all discontinuities, but the distribution of their significant counterparts can be unimodal. This was the case of bimodal distributions from 0.4 hPa and 0.5 hPa when we observed the bimodal distribution of all discontinuities, but the 1993 maximum was formed predominantly by the insignificant ones, and the 2004 maximum consisted predominantly of the significant discontinuities ( Figure 7 ). Thus the distribution of the significant discontinuities in these cases was bimodal, but the maximum in 2004 was much stronger than that in 1993. Similarly, in the troposphere, the distribution U 93T was seen only for all discontinuities, but for the significant ones, we observed nearly flat distribution due to the fact the 1993 maximum consisted predominantly of the insignificant discontinuities ( Figure 8 ). 
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Vertical Profile of the Discontinuities Occurrence
In Figure 9 (upper panel), we see the vertical profile of the percentage occurrence of all discontinuities. One hundred percent means that the discontinuity occurred in each grid point (207,936 points), and 0% means there were no discontinuities in time series over the globe. The vertical profile pattern was similar in each month. In the uppermost model layer at each grid, the discontinuity occurred. Going down, the share of all discontinuities (Figure 9 upper panel) declined to 0.7 hPa. In 1 hPa, we observed their local maximum. Below this layer, the number of discontinuities declined to about 10 hPa, where we observed local occurrence minimum. From 10 hPa down to 200 hPa, the discontinuities occurred in 40%-60% of all grids. In the troposphere, the share of all discontinuities increased.
The vertical profiles of the significant discontinuities were similar (Figure 9 lower panel), but there were some interesting features in them. The local minimum about 0.7 hPa was much deeper than in the case of all discontinuities. The number of significant discontinuities was nearly zero about 10 hPa, and the tropospheric maximum, which was seen in the case of all discontinuities, was not present for the significant ones. With the increasing difference between the percentage of all discontinuities and the percentage of the significant ones, the share of significant discontinuities decreased. 
In Figure 9 (upper panel), we see the vertical profile of the percentage occurrence of all discontinuities. One hundred percent means that the discontinuity occurred in each grid point (207,936 points), and 0% means there were no discontinuities in time series over the globe. The vertical profile pattern was similar in each month. In the uppermost model layer at each grid, the discontinuity occurred. Going down, the share of all discontinuities (Figure 9 upper panel) declined to 0.7 hPa. In 1 hPa, we observed their local maximum. Below this layer, the number of discontinuities declined to about 10 hPa, where we observed local occurrence minimum. From 10 hPa down to 200 hPa, the discontinuities occurred in 40%-60% of all grids. In the troposphere, the share of all discontinuities increased. 
The vertical profiles of the significant discontinuities were similar (Figure 9 lower panel), but there were some interesting features in them. The local minimum about 0.7 hPa was much deeper than in the case of all discontinuities. The number of significant discontinuities was nearly zero about 10 hPa, and the tropospheric maximum, which was seen in the case of all discontinuities, was not present for the significant ones. With the increasing difference between the percentage of all discontinuities and the percentage of the significant ones, the share of significant discontinuities decreased. The vertical profiles of the significant discontinuities were similar (Figure 9 lower panel) , but there were some interesting features in them. The local minimum about 0.7 hPa was much deeper than in the case of all discontinuities. The number of significant discontinuities was nearly zero about 10 hPa, and the tropospheric maximum, which was seen in the case of all discontinuities, was not present for the significant ones. With the increasing difference between the percentage of all discontinuities and the percentage of the significant ones, the share of significant discontinuities decreased.
Spatial Occurrence of Discontinuities
Now we deal with the spatial occurrence of discontinuities over the globe. We present the results for January, but the results for other months were similar. Figure 10 (upper panel) shows the geographical distribution of all discontinuities at 0.1 hPa, and in the lower panel, the distribution of the significant ones is displayed. In this layer, there were discontinuities in all grids (orange colour in the upper panel of Figure 10 ), and their reduction for the significant ones was small. At 3hPa (Figure 11) , the situation was different. The number of all discontinuities (upper panel) was smaller, and the number of their significant counterparts (lower panel) was strongly reduced. From 5 hPa down to 250 hPa, the number of significant and insignificant discontinuities were relatively low, and at these layers, almost there were no significant discontinuities (Figures 12 and 13 ). From 300 hPa down to 500 hPa (Figure 14) , the number of all discontinuities was very high, but the number of significant ones was low.
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Discussion
When we look at the ozone concentration patterns at the uppermost model layers, we see the strange patterns down to 0.5 hPa (Figure 1 and Figure 2 ). According to our opinion, this is caused by the model itself, and these patterns are not real. So these layers are not suitable for trend analyses. The other groups of patterns are the ones with maximal concentration over the subpolar latitudes (from 0.7 to 2 hPa) of the winter hemisphere. It is very hard to explain this behaviour, because one can expect the main influence of solar activity to ozone at these heights, and in winter, there is very little solar radiation at the latitudes of maximum occurrence. In addition, at these heights, the ozone concentration is under the control of photochemistry, and the Brewer-Dobson circulation cannot act on them strongly. So one possible explanation is again the internal model variability, and the exploitation of these layers in trend analyses is problematic. Below these heights, the patterns with equatorial maximum and polar minimum were observed (from 3 down to 10 hPa). This is caused by the direct influence of solar radiation on ozone formation, which maximizes ozone in low latitude, and the Brewer-Dobson circulation is weak at these levels [24] . This upper stratospheric pattern can be explained by the theory, so in these heights, MERRA 2 gives reasonable results. From 30 hPa down to the tropopause, the maximal concentration was seen over high latitudes of both hemispheres and the minimal one over the equator. This is caused by the Brewer-Dobson circulation, which transports 
When we look at the ozone concentration patterns at the uppermost model layers, we see the strange patterns down to 0.5 hPa (Figures 1 and 2 ). According to our opinion, this is caused by the model itself, and these patterns are not real. So these layers are not suitable for trend analyses. The other groups of patterns are the ones with maximal concentration over the subpolar latitudes (from 0.7 to 2 hPa) of the winter hemisphere. It is very hard to explain this behaviour, because one can expect the main influence of solar activity to ozone at these heights, and in winter, there is very little solar radiation at the latitudes of maximum occurrence. In addition, at these heights, the ozone concentration is under the control of photochemistry, and the Brewer-Dobson circulation cannot act on them strongly. So one possible explanation is again the internal model variability, and the exploitation of these layers in trend analyses is problematic. Below these heights, the patterns with equatorial maximum and polar minimum were observed (from 3 down to 10 hPa). This is caused by the direct influence of solar radiation on ozone formation, which maximizes ozone in low latitude, and the Brewer-Dobson circulation is weak at these levels [24] . This upper stratospheric pattern can be explained by the theory, so in these heights, MERRA 2 gives reasonable results. From 30 hPa down to the tropopause, the maximal concentration was seen over high latitudes of both hemispheres and the minimal one over the equator. This is caused by the Brewer-Dobson circulation, which transports ozone rich air to high latitudes [25, 26] . It is interesting these patterns persist deep into the troposphere, especially in the Northern Hemisphere, which may be caused by stratosphere-troposphere exchange in the vicinity of the Aleutian low.
The other topic of this paper, which is worth discussing, is the temporal occurrence of discontinuities in the period 1980-2017. In the uppermost model layer, the maximum of their occurrence was seen in 1993. One of the explanations of 1993 maximum is the Pinatubo eruption in 1991, but this maximum occurred only in the uppermost model layers. [27] found the enhanced wave activity in the two winters just after the Pinatubo eruption in similar heights. Thus the effect of the Pinatubo eruption may be real in the uppermost model layers. Going down this maximum disappeared, and the new one set up in 2004, and it was strongest at 1 hPa. This maximum can be clearly explained by the transition from SBUV to EOS Aura data in 2004 [12, 28] . Below this layer, the flat temporal distribution of discontinuities was seen down to the troposphere, so no maximum in 2004 was observed. We can explain this fact by the following reasons. We can speculate the Pettitt test was either not suitable for this analysis, or the discontinuities in 2004 were not the most important in time series. The Pettitt test is widely used in atmospheric research, so we have no reason why this test does not work well for MERRA 2 ozone concentration data. If the 2004 discontinuities were not so huge, this fact could open the possibility of using MERRA 2 ozone data in trend analysis. The decision regarding these two hypotheses will be a matter of future research. In the troposphere, we observed wide maximum again in 1993, but not in 2004. In future work, we shall look at the wave activity in the upper troposphere and search its connection with the discontinuities occurrence peak in 1993.
Shangguan et al. [12] also detected discontinuities in 2015 when version 4.2 of the Microwave Limb Sounder (MLS) ozone data were used instead of version 2.2 and in 1998 when the Advanced TIROS (The Television Infrared Observation Satellite) Operational Vertical Sounder (ATOVS) was launched. In our paper, these discontinuities were not detected due to these reasons: We used data in the period of 1980-2017, so the year 2015 is at the edge of the series, and the Pettitt test could not capture this year. In each grid, we took into account only one main discontinuity, so the year 1998 could not be the main discontinuity, and thus, we did not notice it.
When we look at the vertical profile of discontinuity occurrence, we see the two main areas: the uppermost model layers and the tropospheric layers. From about 2 hPa down to the troposphere, we observed fewer discontinuities. High occurrence of discontinuities in the lowermost stratosphere and the upper troposphere can be explained by the lower quality of SBUV ozone data in these layers [29] . The share of the significant discontinuities was high in the upper model layer, while this share was low in the troposphere. The less number of (significant) discontinuities, the better for trend analysis.
We can conclude that due to ozone concentration patterns and the occurrence of discontinuities, the layers above 4 hPa are not suitable for trend analyses in MERRA 2. Below 4 hPa, the MERRA 2 gives explainable results expected from the theory, which also promotes using these data in the trend analysis. According to our results, the transition from SBUV to EOS Aura data does not have a major impact on discontinuity occurrence at these layers. The worst condition for trend analyses was the occurrence of the significant discontinuities in time series, and the share of grids with them was relatively low below 4 hPa. The better situation was the existence of discontinuities, which were not significant. Their number was higher than the significant ones. The grids with no discontinuities were not rare in the MERRA 2 ozone concentration data.
We must also deal with the possibility of the occurrence of discontinuities with natural origin. They must be included in trend analysis because they are real. It is very difficult to distinguish between artificial and real discontinuities because the real ones occur when there is some natural change in the atmosphere. We must consider the possibility of atmospheric changes connected to the change in ozone content and with increasing concentration of CO 2 . Sudden water vapour drops in the stratosphere around 2000. In ref [30] can also be the manifestation of the changes in the atmospheric behaviour.
Almost all the modern reanalyses had a temporal discontinuity in 1998 when the ATOVS observations became available, and the reanalyses either switched immediately or transitioned from the TIROS Operational Vertical Sounder (TOVS) to the ATOVS over several years. These discontinuities were not consistent in each latitude or pressure level. The disagreement in the polar latitudes of the southern Hemisphere extended lower into the stratosphere than in the northern hemispheric ones.
The zonal wind variance was smaller than the temperature variance in the polar latitudes, but had a similar temporal difference between the TOVS and ATOVS time periods. For the tropics, the zonal wind variance is much larger than in the polar regions, and the disagreement between the semi-annual oscillation (SAO) and QBO zonal winds is quite large. Thus, improving equatorial winds in future reanalyses is an important goal. MERRA 2 reanalysis also showed discontinuities in 2004 when MLS observations were included. The disagreement was evident mainly for temperature or zonal wind. More details about discontinuities in reanalyses can be found in ref [31] .
Conclusions
The main achievements concerning the ability to utilize the MERRA 2 ozone data for trend studies based on the Pettitt test results and on the analyses of monthly averages are the following:
•
The data above 4 hPa are not suitable for the trend analyses due to occurrence of patterns of the average ozone concentration which cannot be explained by theory and due to the frequent occurrence of the significant discontinuities • Below 4 hPa, the number of discontinuities is smaller, and they are mostly insignificant.
In the troposphere, the number of discontinuities is higher than in the stratosphere, but they are mostly insignificant.
The transition from SBUV to EOS Aura data in 2004 does not have a strong influence on discontinuities occurrence below 4 hPa.
According to our results, the MERRA 2 ozone concentration data are suitable for trend analyses below 4 hPa with caution.
